Brain -- gut axis regulation {#S0001}
============================

The central nervous system (CNS) (the paraventricular nucleus and the hypothalamic arcuate nucleus), which receives signals from the alimentary tract as well as from adipose tissue, plays a key role in the body\'s energy balance. The feelings of hunger and satiety are regulated in the CNS via the brain-gut axis, with a number of hormones playing critical roles ([Table I](#T0001){ref-type="table"}). Ghrelin is the main and, as it seems, the only known appetite-stimulating gastrointestinal hormone. Its levels increase with fasting and stimulate food intake via the vagus nerve, the brainstem and the hypothalamic arcuate nucleus; whereas satiety-stimulating hormones such as pancreatic polypeptide (PP), peptide YY (PYY), oxyntomodulin (OXM), cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1) are released during eating ([Figure 1](#F0001){ref-type="fig"}) \[[@CIT0001]--[@CIT0006]\]. Some of these hormones also affect insulin secretion. Glucagon-like peptide-1 and glucose-dependent insulinotropic peptide (GIP) are hormones that stimulate postprandial insulin secretion.

![Hunger/satiety regulation in CNS ("gut-brain axis")\
\-\--I anorectic effect, → orexigenic/stimulatory effect, NPY -- neuropeptide Y, AgRP -- Agouti-related peptide, POMC -- proopiomelanocortin, CART -- cocaine- and amphetamine-regulated transcript, GLP-1 -- glucagon-like peptide-1, GIP -- glucosedependent insulinotropic peptide, PP -- pancreatic polypeptide, PYY -- peptide YY, OXM -- oxyntomodulin](PG-9-22689-g001){#F0001}

###### 

The main mechanisms of action of gut hormones and "adiposity signals" (modified according to Suzuki *et al.* Endocr J 2010) \[[@CIT0006]\]

  -------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------
  **Gastrointestinal hormones -- "satiety signals" regulating the beginning, end and intervals between meals**   
  GLP-1                                                                                                          Incretin effect, satiety regulation, delayed gastric emptying
  GLP-2                                                                                                          Affects gastrointestinal motility and trophic effect in the intestinal tract
  Ghrelin                                                                                                        Hunger stimulation
  PYY                                                                                                            Satiety regulation, delayed gastric emptying
  PP                                                                                                             Affects gastric motility, satiety regulation
  OXM                                                                                                            Satiety regulation, affects HCl secretion, incretin properties
  CCK                                                                                                            Affects gastrointestinal motility, exocrine pancreatic enzyme secretion, secretory function of the gallbladder
  GIP                                                                                                            Incretin effect
  Amylin                                                                                                         Affects glucose homeostasis, gastric motility
  **"Adiposity signal" hormones -- role in regulating the formation of energy reserves**                         
  Insulin                                                                                                        Affects glucose homeostasis, glycogen synthesis
  Leptin                                                                                                         Regulates energy metabolism
  -------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------

Gastrointestinal hormones affecting hunger/satiety {#S0002}
==================================================

Ghrelin {#S20003}
-------

Ghrelin, also known as "the hunger hormone", produced in the so-called X/A-like endocrine cells of the gastric fundus, is the only known appetite-stimulating gastrointestinal hormone \[[@CIT0007]\]. Ghrelin is recognized as a meal-initiating hormone. Its levels are increased after overnight fasting, they rise approximately two-fold immediately before a meal and decrease to their lowest values 1 h after each meal ([Figure 2](#F0002){ref-type="fig"}) \[[@CIT0008], [@CIT0009]\]. Postprandial decrease of ghrelin levels is further dependent on meal calorie value and composition; for example, the decrease is lower after fat-based meals compared with carbohydrate- or protein-based meals \[[@CIT0010], [@CIT0011]\]. Basic ghrelin levels respond in a compensatory manner to the energy deficit/excess: low ghrelin levels are observed in obesity, whereas high levels in anorexia ([Figure 2](#F0002){ref-type="fig"}) \[[@CIT0012], [@CIT0013]\]. A lower decrease in ghrelin levels in relation to fasting values is observed in postprandial obese individuals \[[@CIT0014]\].

![Mean 24-hour plasma ghrelin profiles in normal-weight and obese subjects (modified by Cummings *et al*. NEJM 2002) \[[@CIT0009]\]](PG-9-22689-g002){#F0002}

Ghrelin is acylated at position 3 into an active, acylated form that can pass the blood-brain barrier and bind to a receptor that stimulates growth hormone (GH) secretion. In the CNS, ghrelin stimulates hypothalamic production of neuropeptide Y (NPY) and Agouti protein (AgRP) by influencing mitochondrial uncoupling proteins (UCP2) \[[@CIT0015]--[@CIT0017]\]. Acylated ghrelin neutralization reduces food intake and leads to weight-loss in diet-induced obese mice \[[@CIT0018]\]. Long-term ghrelin administration in experimental animals leads to weight gain, resulting from hyperphagia, and increased expression of enzymes that promote fat accumulation in the adipocytes \[[@CIT0019]\].

Cholecystokinin {#S20004}
---------------

Cholecystokinin (CCK) was the first gastrointestinal hormone found to act as a hunger suppressant \[[@CIT0020]\]. Cholecystokinin is mainly produced in the L-cells of the duodenum and small intestine \[[@CIT0021]\] in response to a meal, to stimulate pancreatic hormone secretion, bile secretion \[[@CIT0022]\] and inhibition of gastric emptying \[[@CIT0023]\]. An increase in CCK blood levels is observed approximately 15 min after meal initiation \[[@CIT0022]\]. Therapeutic use of CCK is restrained due to its 1--2-minute half-life. Administering CCK earlier than 15 min before a meal does not result in meal size reduction \[[@CIT0020]\].

There are several known bioactive forms of CCK, such as CCK-8, CCK-22, CCK-33 and CCK-58, which differ in the number of amino acids. Cholecystokinin-33 is the prevailing form found in plasma and the intestines \[[@CIT0024]\]. Cholecystokinin is widely distributed in the CNS, including the hypothalamus, where it is most abundantly present in the dorsomedial nucleus and the median eminence of the hypothalamus \[[@CIT0025]\].

Two types of CCK receptors, CCKA and CCKB, are known \[[@CIT0026], [@CIT0027]\]. CCKA (also known as CCK1) seems to play a more important role in food intake regulation. Administering selective antagonists for this receptor in experimental animals abolishes the inhibitory effects of intraperitoneal CCK-8 infusion \[[@CIT0028]\]. Rats, lacking CCKA expression (Otsuka Long Evans Tokushima Fatty Rats), present with high food intake, obesity and hyperglycaemia \[[@CIT0029]\]. However, studies in knockout mice do not confirm long-term effects on body weight \[[@CIT0030]\]. CCKA receptors are expressed in the pancreas, afferent and efferent neurons of the vagus nerve, the nucleus of the solitary tract (NTS), the area postrema and the hypothalamic dorsomedial nucleus, which are the key regions regulating food intake \[[@CIT0026]\].

The influence of exogenous CCK on the reduction of food intake is hormone-dose dependent, both in rats \[[@CIT0020]\] and in humans \[[@CIT0031]\].

Gastric or abdominal vagotomy abolishes the effect of satiety induced by CCK-8 administered peripherally, indicating that vagus nerve CCKA receptors may play a crucial role in food intake regulation \[[@CIT0032]\]. Peripheral CCK administration decreases food intake by reducing meal duration as well as the quantity of the ingested food \[[@CIT0031]\]. It was shown that CCK administered in high doses causes nausea and taste aversion \[[@CIT0033]--[@CIT0035]\]. However, the anorectic effect of low doses and malaise in experimental animals are not correlated \[[@CIT0036]\]. Centrally administrated CCK also decreases food intake, and the effect is potentiated by concomitant administration of leptin. CCK, along with leptin, is likely to play an important role in long-term weight regulation \[[@CIT0037]\].

Studies on the use of CCK in obesity treatment showed that intermittent infusions of CCK for 6 days reduces ingested meal size by at least 44%; however, it increases meal frequency by 162% or more, but with no effect on body weight \[[@CIT0038]\]. Furthermore, it was shown that a 2-week continuous intraperitoneal CCK infusion resulted in the rapid development of tolerance, and thus a lack of effect on food intake or body weight \[[@CIT0039]\].

Studies show that in lean individuals the increase in postprandial CCK levels is high and fast, which may result in earlier occurrence of satiety, while in obese individuals, postprandial CCK levels remain increased for longer \[[@CIT0040]\]. Postprandial CCK levels may also be sex- and meal composition-dependent. Higher CCK levels are observed after high-fat meal ingestion. The increase of CCK levels is higher in females \[[@CIT0041]\].

Peptide YY {#S20005}
----------

Peptide YY is a 36-amino-acid protein with NPY and pancreatic hormone-like structure, produced in the gastrointestinal L-cells, mainly in the colon and rectum. Its name derives from two tyrosine molecules (Y) at the initial and terminal portion of the peptide. The PYY3-36 fragment, which is an active form, is mainly detected in peripheral circulation \[[@CIT0042], [@CIT0043]\].

The physiological role of PYY is associated with the meal "termination" signal; PYY levels are low after overnight fasting, at their highest in the 2^nd^ h after meal initiation and gradually decreas within 6 h from reaching their highest value. Peptide YY acts mainly via the Y2R receptor in neurons producing NPY in the hypothalamic arcuate nucleus \[[@CIT0042], [@CIT0044]\].

Peptide YY shows "satiety peptide" properties. Previous studies reveal low PYY levels in obese patients \[[@CIT0045]\]. Peripheral administration of PYY to humans results in a 30% or higher reduction in the calorific value of a meal consumed 2 h after PYY infusion and a 33% reduction in the quantity of consumed food over 24 h \[[@CIT0044], [@CIT0045]\]. Postprandial PYY peak further depends on meal calorie value and food composition ([Figure 3](#F0003){ref-type="fig"}) \[[@CIT0046]\].

![Changes in plasma PYY3-36 concentration after ingestion meals with varying content of protein/fat/carbohydrate (by El Khoury *et al*. Eur J Nutr 2010) \[[@CIT0046]\]](PG-9-22689-g003){#F0003}

Pancreatic polypeptide {#S20006}
----------------------

The pancreatic polypeptide (PP) is a peptide secreted by PP cells in the islets of Langerhans and, in smaller amounts, by colon and rectum cells. It acts through the Y receptors, particularly Y4 and Y5 \[[@CIT0047], [@CIT0048]\]. Pancreatic polypeptide does not pass through the blood-brain barrier, but it affects the CNS via Y receptor activation in the area postrema of the brain stem with high expression of the Y5 receptor (where the "tight" blood-brain barrier is absent) \[[@CIT0049]\]. Although food intake stimulation using Y5 receptor agonists was lower in Y5--/-- knockout mice \[[@CIT0050]\], it remained unaltered in a nonsense model of limited Y5 signalization \[[@CIT0051]\].

Fasting PP levels are low, but their postprandial levels increase and are correlated with meal calorie value. Pancreatic polypeptide was also observed to reduce gastric emptying \[[@CIT0052]\]. Studies in animals show that the pancreatic polypeptide\'s effects on food intake regulation depend on the activated receptor location, and may be different depending on the site of hormone administration. Peripheral PP administration reduces food intake by 11% \[[@CIT0053]\] or even by 22% (the effect lasts up to 24 h) \[[@CIT0054]\], whereas direct CNS receptor stimulation (intraventricular PP administration) increases food intake in experimental animals \[[@CIT0055]\]. Peripheral PP administration in genetically obese (ob/ob) mice, which do not secrete leptin and lack PP cells in the pancreas, reduces food intake and body weight \[[@CIT0056]\].

Oxyntomodulin {#S20007}
-------------

The name 'oxyntomodulin' (OXM) derives from its function to modulate the gastric oxyntic glands producing HCl. Oxyntomodulin is secreted by the L-cells, depending on the calorie value of the ingested meal, in parallel with GLP-1 production, and has an influence on the GLP-1 receptor in the hypothalamic arcuate nucleus \[[@CIT0057], [@CIT0058]\]. Oxyntomodulin, which has a 50-fold lower affinity for receptor GLP-1R, compared with GLP-1 \[[@CIT0059]\], also shows effects independent of the receptor stimulation (an OXM-specific receptor has not been identified so far). As with GLP-1, OXM is also inactivated by the DPP-IV enzyme \[[@CIT0060]\].

Oxyntomodulin shows an incretin effect as well as β-cell protective properties \[[@CIT0061]\]. Studies have revealed that in healthy individuals oxyntomodulin reduced appetite and the amount of ingested food by 19.3% \[[@CIT0062]\], and in obese individuals it reduced body weight by 2.3 kg in 4 weeks \[[@CIT0063]\] and increased energy expenditure by 9.4% (as opposed to most weight loss treatments) \[[@CIT0064]\]. It has been shown that the appetite suppressing effects of OXM are partly due to the inhibition of ghrelin secretion (a decrease in secretion by 44% after IV infusion of OXM) \[[@CIT0062]\]. A reduction in food intake (42.7%) in obese individuals following oxyntomodulin and PYY (3-36) administration was also observed, indicating an additive effect of both hormones \[[@CIT0065]\].

Gastrointestinal hormones affecting the secretion of insulin (incretin) {#S0008}
=======================================================================

The incretin effect involves meal-induced stimulation of insulin secretion. The effect was observed when insulin secretion increased more after oral glucose administration than after the intravenous infusion of an equivalent glucose dose, while maintaining stable plasma glucose levels \[[@CIT0066]\]. Incretins are gastrointestinal hormones increasing postprandial insulin secretion by β-cells in the islets of Langerhans. Incretin hormones include:glucagon-like peptide-1 (GLP-1),glucose-dependent insulinotropic polypeptide (GIP); previous name: gastric inhibitory polypeptide.

Glucagon-like peptide-1 {#S20009}
-----------------------

Glucagon-like peptide-1 (GLP-1) is encoded by a gene producing preproglucagon -- a 160 amino acid fragment post-translationally generating the following peptides: GLP-1, GLP-2, glucagon, glicentin and OXM, depending on the site of expression, i.e. pancreatic α-cells, intestinal L-cells or the central nervous system \[[@CIT0067], [@CIT0068]\] ([Figure 4](#F0004){ref-type="fig"}).

![Post-translational products of proglucagon: **A** -- proglucagon; **B** -- products of alternative splicing in pancreas; **C** -- products of alternative splicing in intestine and brain (by Kieffer *et al*. Endocr Rev 1999) \[[@CIT0069]\]](PG-9-22689-g004){#F0004}

Glucagon-like peptide-1 is mainly synthesized by L-cells in the duodenum, small and large intestine, and less by the pancreas and the hypothalamus. Its secretion in the gastrointestinal tract is influenced by glucose and fatty acids after food ingestion or as a result of vagus nerve stimulation. In peripheral circulation, GLP-1 has a very short half-life (*T* ~1/2~ = 1--2 min) due to degradation of the active form (7-36) into inactive form (9-36) after disconnection of 2 terminal amino acids by dipeptidyl peptidase-4 (DPP-4) \[[@CIT0070], [@CIT0071]\].

The GLP-1 main mechanisms of action involve stimulating insulin secretion by β-cells in the islets of Langerhans and inhibiting glucagon secretion by α-cells ([Figure 5](#F0005){ref-type="fig"}). Increased insulin secretion is the result of its increased synthesis. Substantial evidence exists to prove that the native GLP-1 increases β-cell mass and inhibits their apoptosis \[[@CIT0072]\]. Glucagon-like peptide-1, via the GLP-1 receptor in the central nervous system, shows also central effects, suppressing appetite and reducing the rate of food absorption into the blood by lowering the rate of gastric emptying \[[@CIT0072]--[@CIT0074]\]. Glucagon-like peptide-1 secretion depends on meal composition, and higher concentrations are observed after high-fat meals \[[@CIT0075]\] ([Figure 5](#F0005){ref-type="fig"}).

![The main effects of GLP-1 actions (based on Baggio, Drucker, Gastroenterology 2007) \[[@CIT0072]\]](PG-9-22689-g005){#F0005}

Glucose-dependent insulinotropic polypeptide {#S20010}
--------------------------------------------

Glucose-dependent insulinotropic polypeptide (GIP) is a 42 amino acid peptide secreted by K cells in the mucosa of the duodenum, jejunum and the proximal portion of the ileum. Both GIP and GLP-1 show incretin activity -- stimulating food intake mediated insulin secretion by β-cells in the islets of Langerhans \[[@CIT0072], [@CIT0076]\]. Postprandial GIP levels depend on the basic nutrient content of a meal. Higher values are observed after the ingestion of carbohydrates, compared with proteins \[[@CIT0077]\].

Glucose-dependent insulinotropic polypeptide receptors are found not only in β-cells in the islets of Langerhans, but also in the adipose tissue, the central nervous system, the heart, the adrenal cortex and on the vascular endothelium. Additionally, GIP stimulates D-cells in the pancreatic islets to secrete somatostatins \[[@CIT0072], [@CIT0078], [@CIT0079]\] and glucagon \[[@CIT0080]\]. Both GIP and GLP-1 are rapidly (*T*~1/2~ ≈ 2 min) degraded by dipeptidyl peptidase-4 \[[@CIT0071]\]. Resistance to GIP is observed in diabetic patients, which may be caused by a defect at the receptor level \[[@CIT0081], [@CIT0082]\].

Conclusions {#S0011}
===========

Recent studies indicate an important role of gastrointestinal hormones in appetite and satiety regulation. Evidence exists to prove that brain-gut axis disorders result in excessive energy accumulation and development of overweight and obesity. Peptides released from the gastrointestinal tract affect the activity of the hypothalamus and brain stem, both involved in food intake regulation and food habit modulation. Applying the knowledge of the brain-gut axis mechanism of action and implementing the data on physiological bases of food intake regulation in clinical practice may allow for more effective management of the obesity epidemic.
